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Abstract 
Optical properties of a magnetic field immersion-type field emission gun have been calculated by using a new simulation 
program based on a boundary element method (BEM). The charge distribution on the electrode surface obtained by the BEM was 
used in a three-dimensional electromagnetic field analysis to calculate electron trajectories near a field emission tip with a 
sufficiently high precision. The brightness of this electron gun was evaluated as a function of emission half-angle by ray tracing 
electron trajectories in electrostatic and magnetic fields. The obtained results indicate that the brightness of the magnetic field 
immersion-type field emission gun is very high compared with that of a conventional field emission gun equipped with a Butler-
type electrostatic lens.  © 2008 Elsevier B.V.
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1. Introduction 
A number of studies about electron guns equipped with a magnetic lens have also been performed to realize a 
high-brightness electron source with a large probe current [1-4]. Moreover, a field emission gun (FEG) with a 
preaccelerating magnetic lens has also been in practical use for a 1 MV field-emission TEM [5]. In this high-voltage 
TEM, an electron beam is focused using the preaccelerating magnetic lens set beneath the electron source to reduce 
the angular divergence of the beam. The low angular divergence of the beam reduces the spherical aberration of 
electrostatic lenses in an accelerator tube. 
 
It is expected that a magnetic field immersion-type FEG [6], which has a magnetic lens instead of a Butler-type 
electrostatic lens, significantly reduces the effect of the spherical aberration of electrostatic lenses. The cathode tip is 
positioned in the magnetic field of the magnetic lens to improve the effective brightness. The evaluation of the 
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performance of the magnetic field immersion type FEG is indispensable for its optimum designing. 
 
In this paper, we describe the evaluation of the performance of the magnetic field immersion-type FEG using a 
new software program that we have newly developed. This simulation program is a boundary element method 
(BEM) suitable for high-precision field calculation near the cathode surface. A sphere-on-orthogonal-cone (SOC) 
model has been chosen as the cathode shape. The ray tracing of the electrons emitted from the surface of the cathode 
tip have been carried out using the fourth-order Runge-Kutta-Gill formula. The brightness has been calculated from 
the numbers of electron trajectories. 
 
2. Numerical Calculation 
The schematic diagram of the magnetic field immersion-type FEG is shown in Fig. 1. The left and right bore 
diameters of two magnetic poles are 43 and 20 mm, respectively, and the gap between the poles is 17 mm. The 
radius of the W(310) cathode tip is presumed to be 0.2 m. The anode is placed 10 mm away from the cathode tip 
and the anode voltage in operation is 20 kV. The voltage of the control electrode is set so that the electrostatic field 
on the cathode tip remains 4×109 V/m. 
 
cathode 
control electrode 
anode
43 mm 
20 mm 
17 mm 
 
Fig. 1.  Schematic diagram of magnetic field immersion-type FEG.  The tungsten cathode tip is positioned 
in the magnetic field of the magnetic lens.  The anode is placed 10 mm away from the cathode tip. 
The optical axis is considered to be the axis of symmetry in the SOC model [7], chosen as the shape of the 
cathode tip. The electrostatic field of the axial-symmetry optical system of the FEG is calculated by numerical 
analysis based on a boundary charge method (BCM) [8] as follows. 
 
The Green function of the Laplace equation for axial symmetry is expressed as [9] 
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where lr  is the position vector on the surface of the electrodes and )(kK  is the complete elliptic integral of the 
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first kind. The electrostatic potential of an arbitrary position is given as the total of the potentials derived from the 
surface charges iσ  on the small surface sections l .  
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The electrostatic field is directly calculated from the surface charges using the differential function of eq. (2). The 
electrostatic field intensities )(rzE  and )(rrE  are 
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An arithmetic-geometric mean method is used to calculate complete elliptic integrals. All electrode surfaces are 
divided into 1910 small sections for boundary charge calculation. The numerical analysis of the immersed magnetic 
field is based on the calculation of the static magnetic field by a boundary magnetic charge method (BMCM) [10], 
which is based on the BEM as well as the BCM. The total number of small sections in the magnetic poles is 600. 
 
The field emission region on the tip surface is divided into 50 small sections and the emission current of each 
section is calculated using the field emission current density distribution given by the Fowler-Nordheim equation. 
The equation of motion for the electrons emitted from each point on the tip is solved directly as a function of 
elapsed time using the fourth-order Runge-Kutta-Gill formula. From each point on the cathode tip, electron 
trajectories with nine different emission energies for every 0.05 eV and sixteen different emission angles for every 
/30 mrad (E, ) are calculated. The trajectories of the electrons with different energies emitted from the sampling 
unit areas on the cathode tip are simulated for each emission angle to evaluate the beam size and beam half-angle at 
the crossover point. The simulations of (9×16×50) electron trajectories enable the lens aberrations and brightness to 
be assessed. 
 
3. Results and Discussion 
The electrostatic and magnetic equipotentials of the magnetic field immersion type FEG are shown in Fig. 2(a) 
and 2(b), respectively. The anode is grounded and the potential on the cathode surface is −20 kV. The magnetic 
potential of the immersed magnetic lens is 3000 AT. The cathode tip is located at the origin of the optical axis 
coordinate. The voltage difference between the control electrode and the cathode surface was found to be −1800 V 
to obtain the electrostatic field intensity of 4×109 V/m on the cathode tip. The emission current density under the 
operating condition estimated from the Fowler-Nordheim equation was determined to be 1.6 104 A/cm2. The axial 
flux density of the immersed magnetic field is shown in Fig. 3. The maximum flux density of 1300 G was obtained 
6 mm away from the cathode tip. 
 
Fig. 4 shows the trajectories of the electrons emitted by the cathode apex with various initial directions in the 
electrostatic and magnetic fields of the magnetic field immersion-type FEG. The initial energy of the emitted 
electrons is 0.05 eV. When the immersed magnetic potential is 2600 AT, the electron beam is focused 38 mm away 
from the cathode tip. The beam current and beam diameter at the crossover point were calculated using the 
computational results of the ray tracing of the emitted electrons. The results are shown in Fig. 5. The energy spread 
of the emitted electrons was set to be 0.4 eV. A decrease in beam half-angle causes a decrease in beam current 
associated with a rapid decrease in beam diameter. 
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Fig. 2. Spatial distributions of (a) electrostatic and (b) magnetic potentials. The equipotential lines of the electrostatic and magnetic fields 
are at intervals of 0.3 kV and 100 AT, respectively. The immersed magnetic potential is 3000 AT (ampere turns). 
 
 
Fig. 3. Axial flux density distribution of immersed magnetic lens. The immersed magnetic potential is 3000AT. 
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Fig. 4. Electron trajectories in magnetic field immersion-type FEG. The immersed magnetic potential is 2600 AT. 
The energy of the emitted electrons is 0.05 eV. 
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Fig. 5. Beam current, beam diameter and brightness at crossover point. The immersed magnetic potential is 2600 AT. 
The energy spread of the emitted electrons is presumed to be 0.4 eV for a primary energy (acceleration voltage) of 20 kV. 
 
The spherical aberration coefficient (Csi = 1.6 m) and chromatic aberration coefficient (Cci = 0.16 m) on the 
image side were estimated from the ray tracing results. The magnification (M = 2.5) was also obtained under Abbe’s 
sine condition. The brightness at the crossover point increases with decreasing beam half-angle and reaches a value 
of 6.7×108 A/cm2/sr for an acceleration voltage of 20 kV. The results indicate that the spherical aberration 
coefficient (Cs) and chromatic aberration coefficient (Cc) in the object plane are 2.0 and 1.3 mm, respectively. 
 
Fig. 6 shows the brightness of the magnetic field immersion-type FEG plotted as a function of beam current and 
compared with that of the conventional field emission gun equipped with the Butler-type electrostatic lens. The 
conditions of the Butler-type electrostatic lens presumed for comparison are as follows: The positions of the first 
and second anodes are 10 and 30 mm from the cathode tip, respectively. In the region near the aperture, the 
electrodes were tapered at an angle of arctan 2 . The voltage Vb2 between the tip and the second anode is 20 kV.  
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Fig. 6. Brightness as a function of beam current at anode voltage of 20 kV, compared with that of Butler-type FEG 
set to converge electron beam at focal position 38 mm by applying Vb1 = 1 kV and Vb2 = 20 kV. 
 
The other voltage Vb1 applied between the tip and the first anode was set so that the focal position of the electron 
gun became 38 mm, leading to Vb1 = 1 kV. The result clearly indicates that the brightness of the magnetic field 
immersion-type FEG is higher than that of the conventional field emission gun equipped with the Butler-type 
electrostatic lens in the high-beam-current region. 
 
In regard to the pre-accelerating magnetic lens, Kawasaki et al. [5] have reported that the spherical aberration and 
chromatic aberration coefficients are 7.7 and 6.7 mm, respectively, under the following operating conditions: an 
acceleration voltage of 30kV and a total emission current of 30 A. The aberration coefficients of the present 
magnetic field immersion-type FEG under the same operating conditions are 1.4 (Cs) and 0.76 mm (Cc), suggesting 
that a slightly higher performance can be expected. 
 
In Fig. 7, the brightness of the magnetic field immersion-type FEG is plotted as a function of beam current at the 
crossover point for different immersed magnetic field intensities (AT). It is worthy to note that the brightness of the 
magnetic field immersion-type FEG hardly depends on the magnetic field intensity, and the brightness levels for 
different magnetic field intensities are plotted almost on a single curve, as observed in the figure. 
 
Fig. 8 shows the dependence of the spherical and chromatic aberration coefficients on the relative position of the 
magnetic field to the tip, where the position of the magnetic field is defined as the position with the highest flux 
density. The magnification was fixed at 3.0 by adjusting the magnetic field intensity. The aberration coefficients 
increase slightly for a larger relative distance between the cathode tip and the magnetic lens. The results indicate that 
the magnetic field immersion has an advantage in lower lens aberrations over the pre-accelerating magnetic lens, 
where the magnetic field is set away from the tip. 
 
4. Conclusions 
A new software program was developed for evaluating the performance of the magnetic field immersion-type 
FEG. This source program is based on the boundary element method, enabling the tracing of electron trajectories in 
electrostatic and magnetic fields with a high precision. Applying the software to the performance evaluation of the 
FEG, it has been revealed that the brightness of the magnetic field immersion-type FEG is quite higher than that of 
the FEG equipped with the Butler-type electrostatic lens. The software was examined for use in the optimum 
designing of a new type of magnetic field immersion-type FEG for the nano-phase tomographic STEM, which has 
been under development by the support of JSPS-18GS0211. 
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Fig. 7. Dependence of beam brightness at crossover point in 
immersed magnetic field. In the case of 0 AT (no magnetic 
field), a virtual crossover point is used as the crossover point. 
Fig. 8. Dependence of spherical aberration coefficient (Cs) 
and chromatic aberration coefficient (Cc) at magnetic lens 
position in object plane. 
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